Natural resources can be conserved if we carefully maintain the building stock and indeed extend the useful economic life of buildings. One way to achieve this is to enhance load-bearing structures by repair, restoration, or strengthening. Such upgrading often involves applying a strengthening to existing concrete elements. Over the past decade, textile-reinforced concrete (TRC), encompassing a combination of fine-grained concrete and noncorrosive multiaxial textile fabrics, has emerged as a promising novel alternative for strengthening of conventional steel-reinforced concrete (RC) structures, offering enhanced load-bearing capacity with minimal weight and stiffness change. Although TRC has been extensively researched during the last two decades, the formalization of experimental methods and design standards is still in progress. Attempts to design for good load transfer are often hindered by lack of knowledge regarding bond behaviour. For instance, there are neither standard recommendations nor proofs regarding the required development length of textile fibres in TRC for practical applications up to now. e aim of this work was to provide a test specification, which gives a direct result for the development length (required for the anchorage of a reinforcement, also referred to as "anchorage length") of textile reinforcements in fine-grained concrete-quickly and easily. e aim of this paper was to present the test specification developed in a way that it is useful for the future work of other researchers as well as for construction engineers. Some selected experimental investigations with different textile reinforcements and different bonding properties were performed with the aim of showing the applicability of the proposed adaptive test specification. e results of these tests indicated that conventional AR glass and carbon fabrics without coating required large anchoring lengths. e tests further showed that an additional application of different kinds of coating to textile fabrics greatly increased the reinforcement's resistance to pullout. is is of special interest for carbon fibres, which have a substantially higher strength than AR glass fibres and different bond behaviour; that is, carbon fibres have, by nature, larger development lengths.
Introduction

Problem Statement.
e world's buildings and infrastructures constitute an enormous public good that must be carefully preserved. is entails, for example, the maintenance and upgrading of structures such as bridges and buildings so that they can be used beyond their intended useful life. An extension of the economic life can greatly contribute to the value retention of these structures. Of course, the demolition and replacement of existing buildings, bridges, and other structures are highly detrimental to the environment in view of the increased consumption of natural resources.
us, it is vital to find better ways to upgrade and reuse old structures. Such upgrading can entail modification of the load-bearing structure and thereby lead to additional stresses. As the monolithic structure of many buildings makes it impracticable to replace individual structural members, numerous measures have been developed to strengthen existing reinforced concrete constructions. Over the past decade, textile-reinforced concrete (TRC), encompassing a combination of fine-grained concrete and noncorrosive multiaxial textile fabrics, has emerged as a promising novel alternative for strengthening of conventional steel-reinforced concrete (RC) structures, offering enhanced load-bearing capacity with minimal weight and stiffness change.
Although extensive research was done on TRC within the past years, the formalization of experimental methods and design standards is still in progress. In order to guarantee sufficient load-bearing capacity in the TRC-strengthened RC element, the load transfer in the interface between the existing structural element and the strengthening material must be ensured independently of the chosen method of reinforcement. Attempts to design for good load transfer are often hindered by a lack of knowledge regarding the bond behaviour. In contrast to steel reinforcement for RC structures, which follows standardization, textile reinforcement is still under development. Well-known design rules exist for the development length of standardized steel bars. On the contrary, a wide range of textile fabrics exists, including different kinds of fibre materials, knitting methods, and coatings, which still undergoes a very fast development. But the bond properties of textiles in a cementitious matrix are strongly affected by these parameters. us, design rules or rather proofs against pullout failure must be limited to a certain textile-matrix configuration. e TUDALIT ® initiative [1] , which defined design rules, to get an approval of the building authorities for its specified TRC strengthening system is an example for this limitation. However, as long as the majority of TRC materials do not follow standardization, an alternative method is needed for proving the bond capacity (initially focussed on static loading), that is, how to eliminate the possibility of failure due to fabric pullout from the matrix, in research as well as in practical applications. In other words, as long as new textile fabrics appear time and again on the market, an experimental method to determine the development length of such textiles is required, which can be performed quickly and easily and can be used by other researchers and applicants.
Literature Review.
e initial research on TRC was performed in the past 15 years in the Collaborative Research Centre (CRC) 532 at RWTH Aachen [2] and CRC 528 at the Technische Universität Dresden [3] , funded by the Deutsche Forschungsgemeinschaft (DFG). Leading research efforts were also done, for instance, in the US (Mobasher [4] ), Israel (Peled and Bentur [5] , Peled et al. [6] ), Brazil (Fidelis et al. [7] , de Andrade Silva et al. [8] ), Greece (Papanicolaou et al. [9] , Triantafillou and Papanicolaou [10] , Triantafillou et al. [11] ), and Denmark (Blanksvärd and Täljsten [12] ). Further on, researchers in Italy (Colombo et al. [13] and Colombo et al. [14] ), Spain (Escrig et al. [15] ), Belgium (Cauberg et al. [16] and Tysmans et al. [17] ), France (Contamine et al. [18] ), UK (Tetta et al. [19] ), Sweden (Williams Portal et al. [20, 21] ), Iran (Kamani et al. [22] ), and other countries of the world work meanwhile on the topic of TRC. To sum up all these results, a RILEM task group TC 232-TDT was founded in 2009 to report the most promising test methods and design rules for TRC (Brameshuber [23] ). It focussed on test methods for tensile stress-stain behaviour. e outcome was a recommendation on a test method to determine the load-bearing behaviour of tensile specimens made of textile-reinforced concrete (RILEM TC TDT [24] ). is recommendation forms the basis for all TRC applications: slender and lightweight structures, such as façade elements (Hegger et al. [25] ), bridges (Hegger et al. [26] ), and shells (Scheerer et al. [27] ), as well as strengthening of existing RC structures. Especially, the research in Germany, Greece, Denmark, and France focusses on strengthening of RC structures. Strengthening for bending (Schladitz et al. [28] and Weiland et al. [29] ) and shear (Brückner et al. [30] , Schladitz et al. [31] , Triantafillou and Papanicolaou [10] , and Si Larbi et al. [32] ), confinement of columns (Bournas et al. [33] , Triantafillou et al. [11] , Ombres [34] , and Ortlepp et al. [35] ), and enhancement of durability (Butler et al. [36] and Michler [37] ) are examples of the possible realizations of TRC strengthening. Retrofitting and strengthening of earthquake-damaged or rather vulnerable structures are other worthwhile applications. While TRC strengthening for earthquake resistance using industrial fibres such as AR glass, carbon, or aramide is still on a research stage (Mishra et al. [38] and Koutas et al. [39] ) in some largely earthquakeprone countries, strengthening with cheaper fibre types such as polypropylene (pp-mesh) had long been a common method to improve masonry structures, for example, in Pakistan (Dar et al. [40] and Umair et al. [41] ). However, despite the widely usage of pp-mesh strengthening, no standardized design guidelines exist for this material (Dar et al. [40] ).
One major difficulty of TRC strengthening arises with the end anchoring of the strengthening (Si Larbi et al. [42] and Brückner et al. [43] ). A sudden system failure can be the result of a bond failure in the anchoring range (Ortlepp et al. [44] ). In order to guarantee the load-bearing capacity of the anchoring, sufficient anchoring length must be provided related to all possible bond failure modes. e bond between a TRC strengthening and a RC member can fail in four different ways (Figures 1(b)-1(e) ). However, first studies on bond (Brückner et al. [43, 45] , Ortlepp and Curbach [46] , and Ortlepp et al. [44] ) focussed only on the planar bond failure modes (cf. Figures 1(b)-1(d) ).
e failure of the existing concrete substrate (failure mode 1, Figure 1(b) ) and the failure of the bond joint between existing concrete and new TRC overlay (failure mode 2, Figure 1 (c)) were well known from externally bonded FRP strengthening means, whose knowledge base is several years ahead of the knowledge base of TRC. An initial finding from the early stage of TRC bond research (Ortlepp et al. [47] ) was the existence of a third kind of planar bond failure: a delamination inside the TRC adjacent to the layer of textile reinforcement (failure mode 3, Figure 1(d) ). For many years, the research focussed on this "new" failure mode to find the major influencing parameters (Ortlepp [48] and Ortlepp et al. [44] ) and calculation models (Ortlepp [49] and Brückner et al. [43] ). Due to the properties of AR glass fibres, which were mainly used at this time, delamination was the most critical failure mode hindering the exploitation of the strengthening's load-bearing capacity to its full extent.
Especially, with the use of carbon fibres, the boundary conditions changed. Due to the three times higher E-modulus and the strength of carbon fibres, higher bond stresses occur in the interface between fibres and fine-grained concrete. e result is that a pullout failure (failure mode 4, Figure 1 (e)) can become more critical than the planar failure modes (Lorenz and Ortlepp [51] ).
From the economic point of view, the load-bearing capacity of the strengthening layer should be used to its fullest extent. erefore, an optimization of the strengthening system is necessary in the way that the development length for each of these four failure modes reaches nearly the same value. Except failure mode 1, which is solely dependent on the strength properties of the existing concrete, each of the failure modes can be influenced by changing the boundary conditions. is means, failure mode 2 can be excluded by sufficient roughening of the existing concrete's surface (Ortlepp [49] ) and failure modes 3 and 4 can be influenced by different textile fabric configurations (e.g., mesh and weave). us, for instance, an open mesh design of the textile can help to prevent a delamination failure (Ortlepp [48] and Brückner et al. [43] ). Whereas the knowledge base of the planar failure modes widened in the past years, knowledge relating to the influencing factors on textile pullout is relatively scarce.
It is worth to mention that a lot of research exist in the literature on the pullout behaviour of single fibres. For example, Aljewifi et al. [52] investigated the pullout behaviour of single glass multifilament yarns embedded in a fine-grained cementitious matrix. Banholzer et al. [53, 54] modelled the bond-slip relationship on the basis of onesided single yarn pullout tests. In these tests, a pullout force is applied on the free end of a single yarn embedded in a concrete matrix while measuring resulting displacement. De Andrade Silva et al. [8] investigated the influence of elevated temperatures on the bond behaviour of uncoated and polymer-coated carbon yarns embedded in a concrete matrix using double-sided pullout tests. e investigations showed hardly any effect of elevated temperature in case of uncoated yarns, but in case of coated yarns, both positive and negative effects depending on the preheating load. However, these results can rarely be used for predicting the development length of textile mesh. Butler et al. [36] performed experimental investigations on important mechanisms influencing the durability of the fibre-matrix bond in TRC using double-sided pullout test on slender notched specimens reinforced with a few multifilament AR glass yarns.
e yarns were imbedded in matrices of varying alkalinity and hydration kinetics. ey found out that the extent of the performance losses with increasing duration of aging depends primarily on the alkalinity of the pore solution in the matrix. ese tests do, however, provide some information on the bond behaviour of fibres being processed in textile manufacturing. Just a very few scientists take the effects of different textile fabrication into account, although it is necessary to consider. For example, Williams Portal et al. [20] performed pullout tests of TRC to gain better knowledge of the complex bond behaviour, whereas the pullout test setup and specimen configuration employed were designed based on the double-sided unsymmetrical test by Krüger [55] and Lorenz and Ortlepp [51] .
e bond behaviour of basalt TRC was characterized by means of direct pullout tests using different specimen lengths. Based on the measurements, local bond stress-slip curves were calibrated for the basalt and carbon specimens based on the experimental results related to the short specimens, which failed by pullout of the fibres. Applying this local bond stress-slip curve in a simple 1D bond model demonstrated a reasonable force versus total displacement correlation with the experimental results for the longer embedment lengths as well. e authors state that the pullout test setup presented in their work is suitable to obtain and characterize local bond behaviour for different TRC materials, particularly in the case of short embedment lengths. Also, Peled et al. [56] , Krüger [55] , and Xu et al. [57] showed an influence of several types of textile mesh on the bond behaviour of TRC. Lorenz [58] and Williams Portal et al. [20] emphasized the interdependency between textile fabrication and bond properties. For instance, the stitching fibre, which connects the longitudinal and cross yarns of the textile, a coating, and fabrication-induced waviness and variation of the fibres' cross section (as part of a textile, Figure 2 ), has a significant influence on the load transfer between filament yarns and the surrounding finegrained concrete matrix. us, single yarn pullout tests are not sufficient for the derivation of development length of textile fabrics because they do not consider the influence of the textile structure. Consequently, bond properties of TRC can only be determined using textile pullout tests. Further on, previous research ended very often with a description of bond-slip relations, which can indicate the energy dissipation in cases of cracking and seismic loading, especially by using short fibres because of their enormous number. Continuous textile fibres require sufficient anchorage for optimum transmission of tensile force into the concrete. Krüger [55] and Williams Portal et al. [20] subsequently use this correlation as an input in nonlinear finite element modelling to simulate the behaviour of tested pullout specimens. However, the following step of deriving a certain development length of continuous fibres is mostly missing. Moreover, determining the development length by using pullout tests with short bond lengths, calibrating local bond stress-slip curves from the measured values, applying those to a bond model, and finally calculating the development lengths, as done by Lorenz [58] and Williams Portal et al. [20] , form a cumbersome process. But the simple knowledge of the development length is a prerequisite for engineered design approaches to describe the structural behaviour of the anchoring of bending and shear strengthenings as well as of column confinements (Brückner et al. [30, 43] , Ortlepp et al. [59] ). An applicable testing method for quick direct obtaining of the development length of textile fabrics embedded in fine-grained concrete matrix of TRC is therefore urgently needed. ere is at present not any test method available in international literature that fulfils the aforementioned requirements.
Aim of the Work.
e main aim of this paper was to present an applicable test method for directly obtaining the textile fabric's development length. e article describes the development of this adaptive test setup, starting from a test method for a first screening of textiles and ending up with an improved test method to obtain results that are more exact. Some test series with different parameter variations should show the applicability of both test methods depending on the intended purpose (quick screening or exact determination). Besides, conclusions can be drawn on how different parameters affect the development length. is forms the basis for optimization of the textile fabric's configuration with regard to a possibly short development length, that is, positive effects of bond increasing modifications in the anchoring range on the development length.
e development of the adaptive test method contains two stages. It was first developed for the requirements of AR glass textiles and later expanded to meet the requirements of carbon textiles. is article summarizes the results of the experimental studies of both stages. In order to present the results of the investigations from the first phase in a transparent and reproducible manner, the first test method will be described in addition to the final test method.
Adaptive Test Method for Textile Fabric's Development Length Screening
Test Setup.
e initial idea was to obtain the development length of textile fabrics in a TRC layer including all influences from the textile fabrication as well as interactions between multiple textile layers within the TRC strengthening as it shall be applied to a structural RC member, for example, a T-beam. Following this idea, the experimental setup for investigating the development length of textile fabrics ( Figure 3 ) was developed on the basis of the uniaxial tension tests recommended by RILEM TC TDT (Hinzen and Brameshuber [60] and RILEM TC TDT [24] ), as well as bond tests concerning end anchoring of textile-reinforced strengthening described by Ortlepp et al. [44] .
e specimens have a width of 100 mm. In the case of the uniaxial tension tests, the load was introduced at the upper and lower ends of the specimens by clamped anchorage, which was chosen to attain the maximum tensile load of the fibres while avoiding a pullout failure from high lateral pressure (Lorenz et al. [61] ). Because no lateral pressure but rather adhesive tensile stresses exists in the region of the end anchorage (Ortlepp et al. [44] ), the author designed a pullout test setup simulating these adhesive tensile stresses that arise within the range of the end anchorage of a TRC strengthening layer. For this reason, a load introduction by means of glued steel plates was selected at the lower end of the specimen, where pullout was expected to occur ( Figures 3  and 4 ).
Adjusting the Specimen's ickness.
In order to find the development length including the effect of multiple textile layers as usually applied to structural RC members, the specimen thickness must be able to vary depending upon the number of textile layers examined. Since each fine-grained concrete layer needed to be 2 mm thick both between and around the textile layers, the total thickness of the strengthening increases by the same amount of thickness as that of the fine-grained concrete intermediate layers. e prototype of the developed test method allows to test specimen thicknesses of up to 25 mm. A variable adjustment of the centre distances of the load-introduction plates was needed to compensate for the various thicknesses of the specimens. A special adjustable bolt was designed (Figures 3 and 5) to be able to precisely manipulate the centre distance between the glued steel plates for each individual specimen.
Variable Bond Length.
e clamping length at the upper end of the specimen was made equal to or greater than that of the glued anchorage to ensure that pullout failure occurred at the lower end of the specimen. e textile's bond length along the glued anchorage length at the lower end of the specimen can vary depending on the bond properties of the tested textile ( Figure 4 ). e clearance of the used testing machine limits the maximum length of the specimen, including the loadintroduction devices. us, based on the clearance of the machine, a length of 200 mm was chosen for the clamped anchorage at the first stage of test method development. e bond length at the glued end of the specimen examined varied from 0 to 200 mm at this stage ( Figure 6(a) ). is limitation of the maximal anchorage length did initially not serve a problem because TRC strengthening layers made of fibres with common mesh configuration and fineness's up to 1,200 tex (in case of AR glass) and 800 tex (in case of carbon fibres), respectively, have got relatively short development lengths (<150 mm for an existing concrete substrate) as determined by Ortlepp et al. [44] . Textiles with larger development lengths are not suitable for some typical applications where anchorage is crucial for load-bearing capacity in particular, such as shear strengthening of beams (Brückner et al. [30] ), anyhow.
At a later stage of the research, this limitation was repealed by the use of another, larger testing machine. is enabled the author to test stronger carbon textile fabrics, such as carbon fibre heavy tow (CFHT) fabrics using larger specimen (Figure 6(b) ). 
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A test series consisted of several specimens. e idea was to minimize the number of specimens per testing series for economic reasons. Using a cone-shaped lower end of the specimen gives an opportunity for such an optimization.
us, a 45-degree angle (Figure 6(a) ) was chosen at the first stage to be the best option. e advantage of this specimen shape was that a range of bonding lengths of 50 mm (i.e., between edge bond length and middle bond length) could be observed by the use of just one specimen of 100 mm width.
It is worth to mention here that the cone shape of the specimens had not only advantages.
e different bond lengths of the fibres in this type of specimen do not allow for obtaining a sharp force-crack width relationship, but give slightly smeared results. For this reason, a simple rectangle shape of the specimens was chosen later (Figure 6(b) ).
Obtaining the Development Length.
On general, fibres, whose bond length ( Figure 6 ) is larger than the development length, fail by tensile failure, whereas fibres whose bond length is smaller will be pulled out of the concrete matrix.
at is, specimens with very long bond lengths fail by tensile break of all filament yarns, whereas specimens with short bond lengths fail by complete pullout. e change between the failure modes indicates the development length of the textile fabric in the fine-grained concrete matrix. To find this point, the bond length of the textile must be varied within each series to find the development length of the examined textile and number of layers.
Generally, it is recommendable to estimate the development length of the textile prior to the test based on experience and to use this estimation as starting value for the first test of each series. Following the idea to minimize the number of specimens per series, all specimens of a series were equipped with the anchorage plates not until after knowing the test result of the previous specimen. at is, at first, the anchorage plates were glued onto the first specimen over the estimated development length. Depending on the failure mode obtained, another test must be performed with a variation of the bond length. Using fast-curing twocomponent glue, this procedure does not take much time.
e first batch of test series used the cone-shaped specimen type. In this case, the development length could directly be derived by measuring the protruding fibres from those specimens where a mixed failure occurred (Figure 7 ). e second batch of test series used rectangle-shaped specimen, no mixed failure could occur. In this case, depending on the ensuing test result of the first test, the anchorage plates of the next specimen were glued over a smaller or longer length in the hope of finding the development length in this tested interval. If one of the tests showed a pullout failure (Figure 8(a) ) and the other one a tensile failure (Figure 8(b) ), the development length laid in the interval and had to be found by further tests using the interval bisection method. If not, the bond length was increased (in case of two pullout failures) or decreased (in case of two tensile failures) again, until each failure mode had occurred once. Finally, the development length was found using the interval bisection method.
is procedure to find one or two specimen that indicates the development length was used in a similar way with the cone-shaped specimen type.
Experimental Research
Production of Test Specimens.
e test specimens were produced within steel formwork as plates measuring 1200 mm × 700 mm.
e individual textile layers were produced by hand using a method of lamination. e plates stayed in the formwork covered with wet clothes up to three days. After removing the formwork, the specimens were stored in a climatic chamber (65% relative humidity and temperature of 20°C). Several days prior to testing, the specimens were cut from the plate with a stone saw to fit a width of 100 mm.
Specimens of the 1st batch were cut cone-shaped to varying bond lengths, for example, 30-80 mm, 50-100 mm, . . . , 150-200 mm, and one to two days prior to the test, the lower load-introduction plates were glued to each of the specimens. Specimens of the 2nd batch were cut and 6 Advances in Civil Engineering equipped with the load-introduction plates directly prior to each individual test according to the interval bisection method.
Testing and Measurement Instrumentation.
e specimens were tested after 28 days. e tests were conducted within a displacement-controlled, universal testing machine with a maximum loading capacity of 100 kN. e control of the displacement was maintained by a separate control-LVDT (linear variable differential transformer). In addition to the tension force T, two values of deformation were measured (Figure 9(a) ). One of these measured values was the vertical displacement within the range of the free length of the specimen (Figure 9(b) ). From this, the stress-strain curve (σ-ε-curve) was determined up to the point of failure. At the same time, the crack width opening w nearest the glued anchorage was measured to obtain the force-crack width opening relationship of the respective textile (Figure 9(c) ).
Pairs of strain transducers called "DD1" from HBM (Hottinger and Baldwin Measurement) were used for both deformation measurements. One transducer was placed on the front and the other on the rear of the specimen. Pairs were needed since the specimens were slightly curved as a result of the drying shrinkage process during hardening.
us, it was possible to minimize the influence of the curvature by averaging the measured strain values determined for each DD1.
e strain transducers were removed after reaching the ultimate load to avoid damage resulting from large deformations. ereafter, the filament yarns of the textile were pulled out completely by manually applying additional deformation (Figure 9(c) ) to identify the failure mode of each filament yarn. Finally, the lengths of all remaining protruding fibres of each specimen tested were measured.
First Batch of Test Series
Experimental Program.
Five influencing factors were identified as being of potential high importance on the bond behaviour of textile fabrics: e examined textiles were configured accordingly, to generate information on each of these influencing parameters (Table 1) . Table 2 lists the results of all tested specimen of the performed parameter study. e 1st column indicates the specimen number as part of a series, for example, specimen 4.2 means the 2nd specimen from series 4. Each test series used a separate parameter set. e number of tested specimen per series varied from series to series due to the choice of the starting bond length and the effort of interval bisection method. If the starting point was chosen near the unknown development length and the next bond length has advantageously been adjusted, fewer specimens were required. To arrange the results clearly, the specimens per series are sorted in this table by bond range length.
Test Results for the Development Length.
e column pullout length describes the measured length of the longest protruding fibres. e value given in this column indicates the development length for those specimen which failed by mixed failure. Otherwise, the tested bond length was not long enough to find the development length, namely, none of the fibres failed by fracture (indicated by * ). In some cases, the pullout resistance was higher than lateral tensile forces, which caused a delamination failure due to splitting forces as a result of the glued anchorage. Textiles with such a failure mode can be identified as safe against a pullout failure. ese textiles are appropriate for the intended use since in many cases only short bond lengths are needed for sufficient anchoring. Considering the different failure modes, which occur using the adaptive testing method, will help to manipulate textile parameters in a way that the failure mode fibre pullout will no longer be considered to be critical.
For this purpose, the results give a deeper insight into the influence of the different parameters; that is, the investigations provide information on the sensitivity of the pullout resistance due to different influencing parameters.
us, the experimental investigations conducted showed, for instance, that application of a coating to textile-reinforcing fabrics leads to a drastic increase in pullout resistance. Taking AR glass textile as an example, the entire tested bond length of the uncoated textile fabric was pulled out of the concrete matrix, whereas a remarkable reduction in the development length was determined for coated textile fabrics ( Figure 10 ). It should be noted that the maximum test length limited the measured length of the uncoated textile fabric displayed in the diagram. at is, the development length of the uncoated fabric was actually larger than 200 mm. Uncoated textile fabrics were, thus, not suitable as reinforcing material for strengthening layers of structural members that require short development lengths of less than 200 mm.
Xu et al. [57] stated that coatings applied to previously stitched textile fibres create a ribbed surface that enhances pullout resistance.
is enhancement of filament yarns found out by Xu et al. [57] was limited to the warp threads (longitudinal fibres of the textile fabric). e author's investigations showed, however, also an improvement to the bond due to coating in the weft thread direction (cross fibres of the textile fabric). It is important to know that a stitching fibre did not encase the weft threads (c.f. Figure 2 ) and could therefore not be responsible for a rib effect. is suggests that, apart from the rib effect of the stitching fibre, another effect is involved in improving the bond. e author's explanation of this effect is that an increased bond occurred between the filaments from the penetration of the polymer coating into the filament yarns. In case of uncoated AR glass filament yarns, often the internal filaments (core fibres) were essentially pulled out, whereas the sleeve filaments, which were located in direct contact to the fine-grained concrete matrix, showed a tensile failure (core fibre pullout). Also, Krüger [55] already observed a core fibre 8 Advances in Civil Engineering pullout of uncoated textiles. e larger the size of the fibres' fineness, the greater is the risk of this failure mode. Core fibre pullout never occurred with coated textiles. us, this slight impregnation probably led to an increase in the bond of the filaments within the fibres. Obviously, the improved interrelationship between the sleeve and core filaments resulting from the coating effected a significant decrease of the development length.
Besides this bond improvement, a coating leads to an increased flexural rigidity of the textile fabrics. However, a high flexural rigidity is unfavourable in such cases of strengthening of structural members, where the textile fabric must be wound around the edges of a structural member, such as columns with rectangular cross sections. For this purpose, the textiles need to be more flexible, which can be reached by a smaller amount of polymer components in suspension (e.g., 15% of polymer content instead of 30%). e pullout tests on these textiles showed that even this reduced coating leads to a substantial reduction of the development length of the textile fabric, although this effect is less than using larger polymer content ( Figure 10 ). e layout of the cross fibres is another influencing parameter on the development length.
e experimental investigations showed that a decrease in the cross fibre distance caused a bond increase and, thus, a reduction in the development length of the coated textile fabric (Figure 11 ). According to Krüger [55] , the change in the cross section of the longitudinal fibres was responsible for that.
e test results obtained by the author's investigations verify this hypothesis. As displayed in Figure 2 , a substantial change of the cross section of the longitudinal fibres resulted from cross fibres, in particular, at the intersection points.
A further explanation is that the cross fibres were "glued" to the longitudinal fibres by the coating so that the cross fibres acted as additional anchorage elements for the longitudinal fibres. e number of these anchorage elements increased, thus, given a smaller cross fibre distance. e gluing effect led to a slight decrease of the development length; that is, the parameter cross fibre distance has only a minor effect on the development length.
If carbon fibres are used instead of AR glass fibres for textile-reinforcing fabrics, the bond behaviour changes drastically. While it was observed that a pullout failure could be excluded by an additional coating of AR glass textiles, carbon textiles require substantially larger development lengths. Figure 12 shows a coated AR glass textile in comparison with a coated carbon fibre textile. e coating of both textiles was equal and comprised 30% polymers in aqueous suspension. e carbon fibres possessed a substantially larger load-carrying capacity than the AR glass fibres despite lower fineness (cf. Table 1) . A larger load-carrying capacity induces also larger bond stresses at the fibre-matrix interface, resulting in larger development length. Furthermore, the effect of bond improvement by the polymer-based coating is less for carbon fibres than for AR glass fibres, which is another reason for larger development length of carbon textiles. e method of application for the fine-grained concrete matrix and the thickness of the TRC are other influencing factors on the development length. While hand laminating is the usual application method on laboratory scale, the practical use on the building site needs more time effective methods such as spraying technique. Professional spraying equipment produces larger layer thickness due to thick material application, resulting in thicker concrete cover compared with hand laminated TRC. As displayed in Figure 13 , the development length of the sprayed specimen with a thickness of approximately 15 mm reduced by about 20 mm compared with the specimen with the laboratory scale dimensions of 8 mm thickness. e larger concrete cover gives more space for a tension ring around the fibres because of load transfer, and this is more significant for carbon fibres than for AR glass fibres, due to the carbon fibre's larger load-bearing capacity. 
Test Results for the Force-Crack Width Relationship.
Besides the primary intention of obtaining the development length, the measurement instrumentation (cf. Figure 9 ) delivers in principle also information on the force-crack width relationship. But caution should be exercised to derive a bond-slip relationship from these measured values. e different bond lengths of the fibres in the cone-shaped specimens lead to uncertainties. Nevertheless, the curves are useful for qualitative comparisons between different parameters. Figure 14 shows as an example the qualitative comparison between uncoated and differently coated textiles. e existence of a coating strongly influences the crack width, whereas the polymer ratio in the coating plays a minor role, especially for small crack widths.
It should, however, be kept in mind that the curves derived from the cone-shaped specimens are not suitable for exact quantification of differences due to the abovementioned uncertainties. To sharpen those results, the author changed the shape of the specimens in the second batch of test series to a rectangular one, where all fibres had the same bond length.
Second Batch of Test Series
Experimental Program.
e goal of the second batch of test series was to quantify the influence of different bond-improving measures on the development length. Carbon textile stood in the focus of these investigations because the failure mode textile pullout is found to be more critical in these cases than delamination.
us, a textile consisting of carbon fibres in load-bearing direction (Figure 15(a) ) was used as reference in these test series. e possible reduction of the development length was analysed using different measures.
us, specimens with double-layer textile (Figure 15(b) ), specimens with an additional epoxy resin coating (Figure 15(c) ), and specimens with epoxy resin and sand coating (Figure 15(d) ) were examined. 
Test Results for the Development Length.
e results of the tests carried out to determine the development lengths are represented in Figure 16 . Reductions of the development lengths of 50 to 60% were achieved in comparison with the unmodified reference textile as a result of the bondimproving measures.
As can be seen in Figure 16 , simply using a second textile layer to increase the percentage of reinforcement decreases the development length by half as expected. is result seems plausible because splitting the bond force between these two textile layers results in halving the required length for bond force transfer.
e application of an epoxy resin coating leads to the same reduction of the development length. Adding sand to the epoxy resin coating reduces the development length further on. Overall, reductions of the development lengths of 50 to 60% were achieved in comparison with the unmodified reference textile because of the bond-improving measures.
Conclusions
Lots of influencing factors rule the development length of textile reinforcements in concrete. Reviewing the relevant literature (e.g., the parameter study of Sueki et al. [62] ) leads to the conclusion that experimental investigations and analytical descriptions are necessary to understand the bond behaviour and its influencing factors. is is of particular importance during the development of suitable textile fabrics in order to improve their properties. It is highly improbable to grasp all influencing factors and to find a general formula. erefore, it makes sense to describe the bonding behaviour only for standardized textile structures. Otherwise, experimental investigations are required, which provide suitable information about the bond properties of the nonstandardized textile. Small test specimen as described in Lorenz et al. [51, 58] or Williams Portal [20] is most appropriate for such experiments. Furthermore, more comprehensive analytical approaches will result, if applicable any, in extended complicated formulations not sufficient for the practical application.
erefore, a test setup is needed for easy direct determination of the development length. is is, especially, the case for the practical application of strengthening structures, where engineers need the development length as an input value for the design.
e developed test setup allows quick and easy testing of the development length of textiles embedded in a finegrained concrete matrix.
e aforementioned tests have proven their suitability for AR glass textiles and carbon fibre textiles, respectively. e risk of a textile fibre pullout is a problem for carbon textiles, in particular, since very high tensile strengths are being reachable and because of its smooth yarn surface. us, bond increasing modifications within the anchorage area with regard to a shortening of the development length gain here special importance. e results of the investigations showed a high potential to enhance the textile fabrics' bond properties. Subsequently applied coatings enhance the internal bond of textiles within a fine-grained concrete matrix.
e tested coating techniques are very suitable for reducing the development length of carbon fibre textiles.
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